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HEAT TRANSFER THROUGH PHASE CHANGE AND CENTRIFUATION
APPLICATION TO TURBINE BLADE COOLINa

J. GENOT and E. Le GRIVES
_:i. ONERA - Chatil!on-sous-Bagneux - 92
/ l

J

_- Summar_

I[ Heat transfer conditions obtainable by phase change in a HE2.2.1*

!,_ - metal heat carrier under the strong conditions of centrifugation ,

encountered in the case of turbine blades are analyzed theoretic-

ally insofar as the the kinetics of the condensed droplets and
r_

the closed-cycle heat-exhange performances throuEh peripheral va-

,, porlzatlon and external cooling of the hub are concerned,

Following verification of _he applicability of the principle

of this transfer technique on a rotating arm providing an acceler-

: atlon of the order of 103 ms"2 and carrying a chamber containing

ethyl alcohol or cesium, the experimental modalltles with sodium

with hlgh-veloclty and high temperature testing means are examined.

I. Introduction

The advantages oe heat transfer through phase change in a

suitable heat carrier circulating in a closed circuit have been

recognized in numerous cases of application. Producing slight

mass displacements of a fluid selected on the basis of its vapor

pressure and vaporization heat characteristics at the quasl-cons-

:, rant temperature oF the cycle, heat sinks are currently use_ to

extract intense heat fluxe_, particularly with a suitable metal

from the core of nuclear piles.
Ji

: ,, |,,,,w _ _ . • • ,,| _ t | , , , ,

i *Number in the margin indicate pagination in the foroign text.
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In every other field of industrial application, the coollng of

gas turbine blades can ba considered through phasa--changes of an

alkaline metal previously introduced into the hollow-blades with

channels sealed at each-end. Thanks to the great disparity of

I dens_tleB.of the vapor and liquid phases, the heat transfer cycle

. ' can be maintained by centrlfugat£on of the liquid phase provided

external cooling of the base of the blades is secured.

Although the cooling of the blades b_ the thermoslphon cycle

-_' _" has been proposed by extensibn, the phase-change technique in hlgh-

_peed rotors does not appear to haae been the object o_ systematic--

studies. Resorting to small displacement only, this technique

• makes it possible, moreover, to elude the appearance of high

stresses due to intensification of the hydrostatic pressure of the

occluded fluid and-to ensure virtually perfect isothermy of the

blades, thus facilitating heat exchanges at their base.

i_ The purpose of the study undertaken by ONERA is an initial

_ verification o£.the workability of this process usin_ a revolving

arm device having low centrifugal acceleration and relatively low

temperature (_ I0 s msec-Z), followed by an experiment at a high

rotational velocity (acceleration up to 3.-10s msec -_) with sodium/HE2.2.2

as the transfer fluid, using testing means developed by the Atomic

Division of SNECMA [I].
I

A theoretical anal_sis of the thermokinetic cycle provided,

furthermore, for a sensible design of the geometry of the channels

and of the exchangers that that extend the blades, as well as the

conditions of fractional filling of the channels.

2. Heat Transfer Through Phase Ch_ange Cycle with Ce trlfugation

The heat transfer process through phase change, designated

as "evaporative-cycle thermosiphon" in the literature [23, takes

2
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advantage of the oentrlfugal forces imparted by the walls of the

- movable support, in order to increase the speed of olrc_lation of

i the heat carrier. The prospects afforded by thi_ device seem to|

t_ , have been recognized for the first time by H. Cohen and F. J_ i

, ' Bayley [3] during cooling tests with a water thermosiphon cycle, ii

_ile analyzing the rate of filling of the channels isolated from
j one another, these authors observed -- by chanae -- that the bes_-

' performances recorde_w/th a test-piece device rotating _n a hot

,_-. gas flow and cooled at their base by a flow of cold air were oh-

:. tained with a small amount of water, less than 2% of the channel

_ capacity. Figure I shows the values of the rate of heat flow

• measured as a function of the rate of filling and of the duration j
of the tests; beyond 30 minutes, the heat flux absorbed prove_ to

,I

-- be independent of the.rate of filling up to a minimum value in the i
• Vicinity oi"1.5%.

. This lower lir_itof the fluid

'='_ mass that should be introduced prior

..... _ ............ +_....I. to sealing the channels is the te-

l "_T'-"-T'_ "-'_ suit of the virtually uniform wetting
!

.......... j condition of the wall exposed to the

_I hot gases by the droplets condensed

"_ -- on the cooled wall, then centrifuged.

The optimum rate of filling cannot be

determined with accuracy in theory,
c._;_-_-_-w_ and is determined only by experiment.

"_- Powmr absorbed by closed- Condensation exerts a pumping
_i" :' cycle evaporation of water

_=_',,' _ aSofafillingfUnctiOnofthe°fthechannelsrateeffect in the centripetal direction,

Speed of _otation: always provided that the radial gra-
15 rpm"_ [3] dient dp/dr = pm=r (p = pressure,

Key: a.Absorbed power; r = radius, o = density, _ = angular

_ , b.Duration of test, rotational velocity) does not attain-- minutes; c. Rate of
filling With water, excessive values, thus implying the

3
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use of a fluld with quite a low atomic mass_--B_ way of indication,

_... the ratio of pressures_ with sodium, calculated by comparing the

equation of state of vapor to that of the perfect ga , or P_,''_[_"'_

'" l0 rpm-1 ]
l _ will be close to i.I for a speed of rotation of a pc-

, ripheral radius of r = 0.3 m, to= 0.i m and T = I156°K (normal
boiling point of Na). Even if we take into account lo_ses of pres-- .4:_ sure head suffered by the flo_ of the vapor in the channels tra-

veled in the opposite direction by the droplets, a sufficient mass

_.. transfer is provided by the condensation process.

The recycled flow-mass in the steady state is fixed by the

rate of heat exchange at the base, which is assumed to be cooled

' by the c_rculation of air through the rotor disk; this rate of--

transfer controls the level of the vi_tually unfform temperature

at which the active portion of the blade i_-f.ixed.
i.

_ 3-- Thermoklnetic Characterlstics of the C_cle with Sodium /HE2.2.3
Phase Chan_e

..........i...... Among the different metal whose

_ /_2_ I vapor-pressure curves are shown in

I _/./2f//_ | figure 2, sodium has the desirable
....../_., ........ temperature and saturation pressure

, . , characteristics for application to

' I gas turbines. Vaporization heat,

,//_,/I --4 - heat conductivity, viscosity, and
surface tension of the liquid phase

_. are fav_rable_ and the melting point

(98°C) is low enough to prevent any

r-u--,_-v_--_--_ _ solidification under operating con-

Fig, 2 dltions.

Alkaline metal vapor
pressure Although the amount of heat

Key: a. Vapor pressure; absorbed by the blade, and therefore
b. Temperature

0
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the deviation betW__n the temperatures of its outer Surface and

_ of the hot gases are ultimately limited by the transfer capacity

at the base acting az exchanger, it is important to provide for a

_ channel geometry capable of ensuring qulta a uniform distribution

t _' of the droplets and a suitable equality of temperature at the
blades. An example of the configuration meeting this condition ,

_'i is shown in figure 3..The helical
,._- grooves of the inner wall of the chan-

,,-.. _ n_Is and their pitch provide, in prin-

_ "_ ciple for the guidance of the droplets
"b

involved in the radial direction and

._ f for the desired uniformity of distribu-

" _ _, tion.

• Insofar as the flow--of heat trans-

._ blades of an aircraft engine turbine is

..L mitted by the combustion gases to the

: concerned, when gas and blade tempera-

Fig. 3 tures are close to 1400 and ll50°K, the
' Configuration of
; blades cooled by mesh exhcange rate is of the order ot

evaporation 02 a _o = 800 W m-2(°C) -z respectively [4].
ii liquid metal Taking into account the dimensions of

Key: a. Sectional the blades, the flux Qo absorbed by eachview
of them is of the order of 2 kW, although

the flux-mass of sodium vaporized at

the normal boiling temperature (i156°K) would be equal to Qo/Lv =

"; my = 2000/3870 = 0.517 gs"l (Lv = Specific vaporization heat)

, With a cross section of the order of i cm2 for the group of

channels, the rate of vapor flow would this be:

uv = _v/0v A

or with Pv 0,28 kg m"s, uv 18.5 msec -I, a very small value with
' respect to the speed of sound (a = 584 msec _under conditions of

thermodynamic equilibrium).

" ...............................' .....................'-" 5-1" 527702 " --'
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The result of this assessment is that the vapor flow takes

place at too low a speed for the imteraction with the droplet_

_ , circulating against the current to be solely a function of the vel-

ocity imparted to these droplets by cenbrlfugation; the great dis-

parity in densities of the saturating vapor (4 m s kg-I) and of

the llquid sodium (1.35.10 -s m s kg"l) leads to anticipate that

_: this interaction is negligible in actual practice. A schematic
L_

_ --_ analysis of the conditions of formation and separation of the
_--" ¢

droplets makes it possible, however, to determine this point.

Condensation enters in contact with the wall kept at a tem-

_- perature lower than the local saturation temperature of vapor in
7

the form of separate droplets. From discreet condensation nuclei

the sodium deposited as moisture constitutes microbeads whose

- shape resembles truncated spheres, and whose adhesion is secured,

_ i during the initial phases of their grcWth by the surface tension

forces to which the pressure of the vapor flux is added.. Under
• i

i,_, _ the conditions of intense artificial Eravity occurring with cen-

, trifugal accelerations of the order of I0_ to 105 g, the force of

inertia plays a predominant role opposite bonding forces when the

size of the beads becomes appreciable, althouEh the formation of

a continuous films from discreet condensation nucle appears to

be excluded.

i A simple computation makes it possible to determine the char-
acteristics of separation of the beads; in the case where they are

formed on an element with a surface assumed to be perpendicular

to the radial direction of centrifugal acceleration, and where

their adhesion is greatest, the equilibrium condition of a micro-

bead is written (figure 4a):

_, (I)

designating the angle of contact, o the liquid vapor surface ten-

sion, F centrifugal acceleration, R the radius of the truncated

6
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resembles, 0v and Pl the densities of, r
_ the vapor and liquid phases.

" gA.
I

"_ The volume of the bead,

! I _ Fig. _a V,q(,.,,._)_-_,,,-)_' , r_ust increase con-

Forces aotinz on a bead stantly due to the supply of mass
in the process of for-

tion. maintaXned by vapor condensation; %he

: ! separation of the bead must the_,efore
%

- enter when the volume defined by the

• ,.,._-_ value R(s) that satisfies the equi-

• _'" _ ,Z_..__ _- librium equation (I) attains a max- i
[ Imum value. Beyond this value, the

Fig. 4b
inertia term prevails over the dynamic

'% Successive shapes of a
microbead to separation, pressure and surface tension terms,

:... and the bead separates rapidly adopting

. Key: a. Start of con- the shape of and almost spherical i
,'_: densation; droplet (figure 4b)
' b. Growth of bead;

i c. Separation con-
figuration (R, The extreme volume condition, or

_'. ; a, defined by
_ formulas 3 & _) , _ _'J'_

, : _ = _._._,),f_.,_,) (2)
i
:" :' dR

leads, following substitution of the value thus defined of _ in
the equation after derivation of (I) to equations:

the secund of which admits a solution only if the nondimensional

parameter _ _"C/_-_,,r is lower than a critical value in the nei_hbor-

hood of 2.95.10-_.

7
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...... " -Ii;i1I,,1 ' [
",_" Fig_ 5a Fig. 5b

•.. Characteristic function of Change in bead radius, _
" the angle of contact of the a function of their an_le of

._. _t... condensed beads, contact, according to the
•- . value of centrifugal accel-

, _ Key: a---Upper limit of eration (uv = 25 msec-*).
...., _, the parameter .... .,
, _": b. compatible with Key: a. Film formation;

"=' bead formation; b, .Limit of bead sen-
c. Angle of contact aration (max. volume);

' _ a (?). c. Minimal acceleration en-

:. _' suring bead condensation;
-4. d. Angle of contact; e. Ce_-

' trifugal acceleration;
'o f. R_d_u_.

. In this case, the only solution in _ that h_s _ physical mean-

_ ing falls between Arc cos (1_2")=II/I° and the value aM -- 129 ° cor-

responding to the _r.:.J._uum2.95.10 -_ of the function that appears

•' in the secor.d member of (4), The other two apparent solutions,

from the mathematical standpoint, correspond respectively to a

negative value of R or to a minimum of V (figures 5a and 5b).

I'! Under the previously retained conditions, 0v = 0.28 kg m "_.Pl = 7_0 kg m-_, and depending on the value of o calculated

8

#
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': accordin_ to the eorrolatlon Law proposed by Sehonhorn [5] as a

function of the difference in viscosities of liquid and vapor [6].

_,.

'; I or o _ 0.15a Nm'', th_ ser_aration criterion is wrlt_en: /ITE2.2._. 1

--,,g,-- (5)
I

7. i, In the area of values of Uv, r where this inequ,_lity is satls-

:_;> .) lied, the radius R is itself lower than the valu RM corresponding

,. to the maximum admissible for the parameter _:_'_"')"._e,;_ , or according

to (3) and With aM --129°:

• ji"- 'i_"- o.",,,,_ e, 14_ %_ r .t,

_ ' For a given value of F, volume V remains virtually constant

!_..:-_" regardless of the value of uv, and the radius Rg of the droplets ,
_._. formed after 'separation is thus close to the calue

:,,v ......4 "

: ---', l_ II--1 who_,e evolution is shown in figure 6 i
_ " --'- i....

} Taking into account the order of

', __ magnitude for velocity uv (<_25 msec-*),

o_ ! ._._-_----_'_"-*_ condensation would thus enter (with
. _. b _._._r(,,.) elements normal to the radius) in the

Fig. 6 form of a film in that portion of the

Dimensions of beads and rotor where acceleration would be less

droplets, after seDara- than 3 _'lO_ msec -_ i _ in the case
tlon. " ' " "

of an angular velocity of m = I0_ see-*
Key: a. Maximum radius

of beads, RM, with a radius of less than 3.h'lO-_o .
and radius of The conditions achieved in practice

I: droplets, a; very frequently preclude this con-
.. b. Centrifugal ac-

eelerat ion. tingenc y.

When condensation begins with a wall clement this is oblique or

parallel to the radial direction, the values of the radius R derived

1975025277-TSA12
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: , from a computation analogous to the preceding one would b_ evan

_ lower, so that the aerodynamic resistance opposed to the movement

'... or rolling of the microdrops must be ostim&tcd in laminar flow.

Only the initial movement conditions differ according to the orien-

tation of the wall element, since so the contrlfugal force can or,ly

be imposed by the support driven at the rotational speed, the drop-

i_ lets assumed to be separated have a uniform movement of absolute

velocity equal to that of their initial support. -T-!nrelated axes

linked to the-rotatint frame, their trajectories are defined by the

reduced equations

I e/,. . 9_r--_-

according to the notations in figure 7. The

trajectories issuing from points situated at

_ / different values of the radius ro are homothetic,

: their shape being independent of angular velocity

" _, which controls only the free passage of the

: _ / a_ droplets (the influence of the aerodynamic drag

_, being neglected in a first approximation). The
/ droplets are therefore rapidly intercepted by

: /l the wall towardP the downstream side, i_e., to-

":! --" wards the lower surfaces of the blades. They

Fig. 7 then roll towards the periphery, Just as Sn the

Trajectories of case of the beads condensed ab Initlo on this
droplets in rel-
ative motion in face_ The droplets formed on the upstream side

' the middle plane (situated on the upper surface) are subJec- /HE2.2.6

!, of a cylindric- ted 'o the Coriolis acceleration from the me-
al channel.

Key: a. Direc- ment their motion starts in the radial direc-
tion of tion, which tends to separate them and project

_otation. them downstream. In order to minimize this

di_symetry affect in the distribution of the

droplets, provisions must be made for a surface state capable of

i0

ps , " :
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guiding and slowing down the condensed particles, and of maintain-

" nine their adhesion.i

t

; ' In the limit, if we assume that frletlon i_ negligJ'_]e, the

motion of a drop roiling on the downstream wall would be described

by the equation:

d2r _z
¢

- where r • roch_t; the complementary acceleration -_, :_'_',,:)'_

comparable to the centrifugal acceleration would be expressed by a

rapidly increasing pressure force tending to crush the d_ _aln._t

the wall.

In practice, the intensification of the heat t_- _r ,__._.,_t-

ing from this pressure would no longer be unf_ _': _'.., since it

would act in a direction corresponding to tha. of the inequality of

exchanges by external convection.

• Insofar as taking the aerodynamic resistance to droplet motion

, into account, it would lead to writing the effective acceleration

criterion as

z

Cx designating the drag coefficient, which i," moreover only slightly

different from the value Cx = 12/Re of Stokes' law, F.ive_ the low

value of the Reynolds number Re = PvUvRB.
uv

Taking into account the change of C of the sphere as a function of

Re [7], this _nequality, which is written with r = 0.i m, uv - 20ms-|:

R_: __ 5.67.10'' Cx

actually leads to a minimum value of R_, which _s virtuall_, equ_l

to 7.10 -6 m fcr which He -- i.I and Cx 12.5, conditions very clo-_e
to Stokes' law.

Ii
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4. Local Heat Exchange Coadlt_ons Duets Eva[ or.ation or Condensation

" In an established flow, equal ma_s-f]ows of flu_ _ in the vapor

state and in the liquid state circulate contercurrent in the chan-b &i
j nels. The power absorbed by va[,orlzatlon is slightly greater than

the pcwer given up by condensation, due to conduction by walls that _

are not rig"rously isothermal and to variation of the change-of- ' i

state heat between extreme temperatures. It is important, in any

event, to guarantee a effective wetting of the heating and cooling !walls, the area of the moistened _urfaces being a function of the

values of the exchange coefficient related to boiling and condensa- 1
• tion.

,Q By comparison with different metal

} --._._ --._M"_'m_"_ fluids, Hg, Cd, NaK, as well as with water,

_/_-_--lJ the transfer coefficient measured boiling

}_ _ I_ " _ I_.LI__ sodium are shown in figure 8 as a function
, _ _ _" of the variation in termperature between a

_;_ _---_--_-@--___ stsinless steel wall and the liquid [8]__ t_'_,_s p_. _,_.

sodium appears to be quite suitable for

Fig. 8 the transfer of high-density heat /HE2.2.7

Comparison of ex- flux, which under the most favorable con-
change coefficients
by boiling of dif- ditions, in nucleation regime and prior to
ferent fluidS (ac- the appearance of film boiling might reach

cording to [8]. 400 to 500 kW m -2.

Key: a. Exchange

coefficient; The data published by Katz [9] confirmb. Mercury with 1%
sodium; c. Water; the favorable effect of the wettability of
d. Mercury; e. Wall-
liquid temperature alkaline metals, an effect that can be rein-
variations, forced by the plating of the liquid metal

by centrifugation, against any projecting

surface element. It is therefore important to organize a suitable

contour of the heating wall, whose useful surface (_ 50 cm 2) must

permit absorption of the flux Qo = 2 kW previously retained according

12
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i,

I: _' to a cited example. TPe absence of any incondensable element, the
' cleanliness.of the surface _tate (preferably rough) of _he wall are

i ' essential for tna_sfer efficiency.

.I _,,_,:_,,,, .''_ The effect of centrifugatlon towards il
_,-_,, . the cooled end, beBides being less marked

I i _ _ than at the periphery, is to facilitate '..

i _ condensation in microdroplets, a mode I
t

,. ,_._. , i i that was recognized by Misra and Bonilla ,

°" _B.S.. [I0] as su&table to provide for higher .,

_!...._ _ t_ - exchange coefficient--values than in the ]

case of film condensation. Although much i
Fig. 9 lower than the theoretical forecast accord-

Heat transfer coef- ing to Nusselt's la_, the heat flux valuesficients measured
by sodium conder.s_- measured with sodlum (figure 9) reach

tion. almost 400 kW m-_ under, cooling condi-

Key: a. Heat trans- tions ensuring a temperature var_atlcn of I
o_ fercoefficient_

b. Temperature varla- 3 to 4°C between the wall and the liquid

_"_ tions between wall metal The absenme of _ncondensables, and
_i and vapor.

cleanliness of the waiL.are still neces-
e

i sary to _estrict the temperature drop at
the solid-liquid interface, this drop would seem to explain, at

least in part, the deviations noted with respect to the theoretical

exchange coefficients.

In short, it seems possible to develop sufficient wet-surface

areas, both on the active side of the blades where the fluid vapor-

izes and s_ their base that plays the role of condenser, to absorb

a power of the order of 2 to 3 kW per blade.

It will be realized that it is still necessary to remove the

heat flux supplied by condensation of the primary fluid by means of

a secondary convection flow around the bases. This cooling, pro

vided by the circulation of air drawn from the compressor in

13
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turhlne-enSine applications, can provide it thanks to different

devices on the experimental study set-ups.

/ 5. Experimental Study of the Process if Heat Transfer through PhaseChange

Two set-ups were used successively in order first to verify

the validity of the transfer principle with phase change under cen-

> trifugation, then to study the efficiency of this method of trans- ,

"" fer under test conditions quite similar to those of the proposed

application.

Firstly, tests at a moderate rotational speed were conducted

using a revolving arm installed at ONERA, This device, which pro-

vided an acceleration of l0s msec-2at about i m from the axis of

rotation, serves as the support for a cylindrical chamber contain-

ing a small amount of eShyl acohol (from l0 to 20% of the total

capacity) and vacuum-sealed at low temperature.

According to the diagram

_,,,__.__.. _ _ .. shown in figure 10, a heating
'_"_" w_- l,_._n '.., .... , unit permits electrical adjust-

_- ment of heat supply to the
per-

I i -_ j . - . _, "

I " ' ripheral end, while the conical

_ _,,,__,_ j._.,_; bottom equipped with blades is

FiE. I0 embedded in a block of ice con-

Key: a. Acceleration; b. Elec- tained in an insulating case,
tric _eating_ c. Block of which acts as a heat sink. The
ice; d. Revolving arm;
e. Heat insulation; f. In- centrifugal force constantly

: sulating case. applies the ice against the

: bottom of the chamber, and the

molten mass is measured as a function of the displacement of the

block, recorded during the test.

.J;
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, _ The difference between temperatures T, and Tz measured by /HE2.2.8
i

I.': means of thermocouples _s a few degrees, so that the heat flux

transferred by wall. conductlon appears very low with respect to

) the flux transferred by alcohol phase change. The pressure mea-

_ ' sured--In the chamber is close to vapor pressure corresponding toJ l

, temperature T_.

i.

_ The experiment with the revolving arms must be resumed at a ,

higher temperature level (% 600eC) with cesium as the transfer

fluid. It is faced, howev__r, with the d_awhack of a fairly sub-

stanti_l loss of power due to the effect of ambient air convection;

the yiel_ defined as the ratio of transferred power to electric

power does not actually exceed 50% in the alcohol tests.

The test means Used in the second stage of the study were car-

ried-out in 1966 by the Atomic Division of SNECMA,,fo_ .the purpose

_, of studying aircraft turbine blade cooling through the closed ther-

e: mosiphon cycle [i].

This installation comprises essentially a rotor driven by a

variable-speed electric motor (up to 8500 rpm-*), with the peripher-

al acceleration reaching about 3.10 s msec -m. Two paralleleplpedal

test pieces representing two diametrically opposed blades are at-

tached to the hollo_ disk and traversed by a flow of air that serves

to cool the bases that act as exchangers (figure II). They are per-

forated internally by five cylindrical channels with a 4-mm diameter

partially filled with sodium and vacuum sealed.

The revolving unit is enclosed in a vacuum chamber_ heat is

supplied by a graphlte-plate annular furnace where one can be heated

by the Joule effect to a temperature of 2500°K, while the other acts

as a reflector. A heat flux with a virtually uniform density is

transferred to the test pieces. This furnace is insulated by screens

and a layer of graphite wool, all of which is contained In a casing

15
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l

.,, _ _ith walls cooled by circulating water.
It

'.... :? In this manner, the heat balance can be--
_. e,?.

_: I ; established by c_ss-checking the exter-

; nal losses.__the powe_ radiated to the

/ ,'.. _ '-,-_'i/'[ test pieces andto the hub; the power, ' _ transferred through phase change is ,

i ,::_., measured by the power collected by the

d ""'''_ close to con@uction
' '_._ - ..mJ_._ base-cooling air,

i_'_ : ..,,._ losses through-the shaft and the hub.

_ "_" The test program i_pro_ress is

" based on the study of the effect of the

sodium filling rate at different rates
Fig. ll

of rotational speed. The net transfer
Test piece on a high-
speed rotor produced power through phase change will be deter-
by the Atomic Division mined by comparing it with the result_
of S.N.E.C.M.A. .......

obtained in. the absence of sodium, with

Key: a. Heated part; dry blades.

b. Attachment to
hub; C. Thermo-
couple passages; 6. Conclusion
d. Exchanger
casing; e. Seal-

_ ing ring. The application of an alkaline metal

phase change process to the cooling of

turbine engine blades has several adva:_tages in principle; on the

one hand, the limited space available inside the channels, which

are necessarily very narrow, that cart be arranged inside the blades

is nevertheless Sufficient to hold the minimum mass of liquid metal

necessary to maintaln the heat cycle; on the other hand, the quasi-

constant t_r.perature at which the active parts of the blades are

kept facilitates heat exchange towards the bases.

The cooling itself is thus reported at the level of the ex-

changers, at the cost of an increased consumption of air taken from

the compressor.

16
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?: But it i'sonly on the baals of the results of the experimental

Studies currently in progress that it w.lll_be possible to reach

final conclusions regarding the favorable aspects and the .limlta-

, tions of using this device. ,,_
i

'-;- , ,I j

1

.p

...i _

17

1975025277-TSB06



I

REFERENCES

_ i. Moussez_ C., "Le refroidlssement des aubes d_ turbomaehi.,es
t

i_ par metaux fondus" [The Cooling of Engine Turbine Blades byMolten Metals], Third Franeo-Rus_an Symposium, Par_s 1969
/ ; (to be published).

2. Stuart _L_chell, R. W. and V. A. Ogale, "Gas Turbine Blades
" ASME Paper-67 WA/GT 9Cooling,. Retrospect and Prospect,

I ASME winter annual meeting, Pittsburgh, Pa, Nov. 1967.

,_ 3. Cohen, H. and F. J Bayley, "Heat Transfer Problems of Liquid-
Cooled Gas Turbine Blades," Proceedings of the Institute of

_: Mechanical Engineers , 53, 169, 1955, pp. 1063-1080.

_ 4. Glenny, R. J E. and J F. Barnes, "Some Materdals and Cooling
.. • @ •

Techniques Applicable to Air-Breathlng Engines at High Flight
• " J Aircraft, _ , , . .Speeds, . 3/6 1966 pp 507-514

5. Schonhorn, H., ;SU_hfac _ T_nsi_nEVi_nOSity R_l_tlo___.p forLiquids ," J. c 1967,
pp. 524-525.

6. Gross, A. V._ Viscosities of Liquid SOdium and Potassium, f_om
Their Melting Points to Their Crltial Points. Science, I_7,
1965, pp. 1438-1447.

7. Prandtl, L., "Precis de mecanique des fluids" [Abstract of
Fluid Mechanics], translated by A. Monod, Dunod, Paris, 1940.

8. Lyon, R. E. A. S. Foust and D. L. Katz, "Boiling Heat Transfer
with Liquid Metals_ American Institute of Chemical Engineers
17, 51, 1955, pp. 41-47.

9. Kat z, D. "L., Heat Transfer Boiling," Liquid _!etals Handbook
Atomic Energy Comm. & Dept. of the Navy• R. N. Lpon, Publl,
Washington, D.C., 1962, pp. 85-88.

I0. Misra, B. and C. F. Bonilla, "Heat Transfer in the Condensation
of Metal Vapors: Mercury and Sodium Up to Atmoshperica Pres-
sure. Am. Institute of Chemical Engineers, 52 181, , 956.

18

] 975025277--TS B07


